Abbreviations
PI3K phosphatidylinositol 3-kinase PIP 3 phosphatidylinositol 3,4,5-trisphosphate PTEN phosphatase and tensin homologue SH2 SRC homology domain 2 SHIP SH2-containing inositol 5-phosphatase Breakthrough information in one field of science is often generated by studies in other areas. This has been the case for the phosphatase and tensin homologue (PTEN) and its identification as a drug discovery target for type 2 diabetes. In 1996, the susceptibility gene for Cowden syndrome (now known as PTEN) was mapped to human chromosome 10q22-q23 [1] . Cowden syndrome is an autosomal dominant disorder characterised by multiple hamartomas, which affect derivatives of all three germ layers, and increased risks of breast, thyroid and endometrial cancers [2] . Germline mutations in the tumour-suppressor gene PTEN have been found in 80% of patients affected by Cowden syndrome [3] . PTEN encodes a dual-function lipid and protein phosphatase that represents a major 3-phosphatase in the phosphatidylinositol 3-kinase (PI3K)/Akt signalling system [4, 5] . PTEN also represents the first phosphatase gene to be implicated in the aetiology of an inherited cancer syndrome. A number of disorders associated with germline PTEN mutations have been subsequently recognised.
Following insulin exposure, the PI3K-dependent increase in levels of phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ) results in the membrane localisation and/or activation of a number proteins that possess a pleckstrin homology (PH) domain [6] . One such protein is the serine/threonine kinase known as phosphoinositide-dependent kinase 1, which phosphorylates and activates several downstream kinases, including AKT1-3 [7] (Fig. 1) . In addition, the protein kinase mammalian target of rapamycin (mTOR), which forms a complex with the regulatory protein rictor, has recently been identified as phosphoinositide-dependent kinase 2, which also phosphorylates AKT [8] . These PIP 3 -dependent events induce important metabolic responses, including glucose transport, lipid and glycogen synthesis, modulation of gene expression, cell proliferation and inhibition of apoptosis. The PI3K pathway mediates the effects of insulin [9] and leptin [10] on satiety. As these mechanisms are relevant to cell metabolism, it was postulated that PIP 3 breakdown may also affect the physiology of insulin action, leading to greater focus on the function of PTEN in insulin signalling. Indeed, a number of studies found that, in addition to its tumoursuppressor function, PTEN serves as a major regulator of PI3K signalling in a number of cells. Much of this work was prompted by the finding that DAF18, the Caenorhabditis elegans PTEN homologue, downregulates insulin receptor-like signalling in the worm [11] . Insulin signalling is also negatively regulated by PTEN in Drosophila melanogaster [12] .
Studies on mice with PTEN ablation in liver [13, 14] , adipose [15] or skeletal muscle tissues [16] have investigated the effect of PTEN on whole-body glucose homeostasis. In general, this work has provided further support for a role for PTEN in insulin sensitivity and metabolic regulation (Table 1) . Fasting plasma glucose and insulin levels were reduced, and glucose tolerance was enhanced, in mice with liver-specific PTEN ablation. However, these mice exhibited a marked hepatomegaly and liver steatosis, suggesting fat redistribution from other tissues to liver. In addition, all the PTEN knock-out mice developed liver tumours by 18 months of age. While excess tumour occurrence was not evident in mice heterozygous for the PTEN gene, these mice showed no improved insulin sensitivity, suggesting that partial inhibition of liver PTEN activity may not represent an effective approach to insulin resistance in type 2 diabetes. Fat-specific PTEN ablation also lowered fasting plasma insulin and improved glucose tolerance in mice, with a significant improvement in whole-body sensitivity to insulin. In contrast, skeletal muscle-specific PTEN knock-out mice exhibited little metabolic abnormality. However, when subjected to a highfat diet, these animals showed protection against the development of hyperglycaemia and abnormalities in glucose tolerance. Cell proliferation in fat and muscle was not Liver-specific ablation Reduced fasting plasma insulin, enhanced glucose tolerance and insulin sensitivity [13, 14] Fat-specific ablation Reduced fasting plasma insulin, enhanced glucose tolerance and insulin sensitivity [15] Muscle-specific ablation Protection from insulinresistance and diabetes when exposed to high-fat diet [16] Ubiquitous haploinsufficiency
Fasting hypoglycaemia, enhanced glucose tolerance and insulin sensitivity [17] affected by loss of PTEN, supporting the possibility that targeted inhibition of PTEN function in these tissues may improve insulin sensitivity in a safe and effective manner. In contrast with these studies, the work by Wong et al. in this issue of Diabetologia has defined the effect of a partial systemic reduction of PTEN on the regulation of insulin sensitivity in intact mice [17] . These studies were conducted in PTEN haploinsufficient animals with only a 15-50% reduction in tissue levels of PTEN. The haploinsufficiency did however greatly increase insulin sensitivity, thus demonstrating that small systemic changes in the levels of PTEN may improve insulin action. Based on previous studies in the tissue-specific PTEN knock-out mice, this is an unexpected finding, as mice heterozygous for the PTEN gene in liver do not show improved insulin sensitivity. The pro-apoptotic effect of PTEN does raise concerns regarding the safety of PTEN targeting as a means of improving insulin action in chronic disorders such as type 2 diabetes. Even so, studies on PTEN biology have provided proof-of-concept evidence for the potential of inhibiting PtdIns(3,4,5)P 3 phosphatases for enhancing insulin sensitivity in insulin-resistant states.
These advances have opened new and exciting avenues of investigation into the regulation of food intake and peripheral energy metabolism, and have increased interest regarding another family of lipid phosphatases, the SRC homology domain 2 (SH2)-containing inositol 5-phosphatases (SHIPs). Of these, SHIP2 (encoded by the gene Inppl1) is highly expressed in skeletal muscle and brain [18] . Unlike PTEN, which acts on both PtdIns(3,4)P 2 and PIP 3 , SHIP2 catalyses only PIP 3 hydrolysis. Wong et al. [17] point out that SHIP2 may not have a physiological role in regulating glucose homeostasis, consistent with the concept that PTEN and not SHIP2 is the major phosphatase involved in desensitising insulin signalling along the PI3K/ Akt pathway. Unexpectedly, mice engineered to be null for Inppl1 were resistant to obesity induced by a high-fat diet [18] . Indeed, Inppl1 knock-out mice respond to a high-fat diet by increasing energy expenditure and preferentially eliminating the excess fat mass. Given the high level of Inppl1 expression in brain, it has been proposed that central mechanisms regulating food intake and energy metabolism, including insulin signalling, might be affected by reduced lipid 5′-phosphatase activity. Thus, compared with PTEN, SHIP2 exhibits greater potential as a drug target in obesity and diabetes. In vitro and in vivo investigations indicate possible efficacy in these disorders and, in contrast to PTEN knock-out mice, Inppl1-null mice feature no increase in tumour occurrence after more than a year of survival. The exciting perspectives offered by SHIP2 targeting are tempered by difficulties in predicting the consequences of in vivo exposure to inhibitors of SHIP2 catalytic activity, and in identifying inhibitors of potential pharmacological interest.
As noted by Sherlock Holmes, Sir Arthur Conan Doyle's famous detective, when one follows two separate chains of thought, points of intersection eventually emerge which should approximate the truth. Studies on an inherited cancer syndrome and the pathogenesis of type 2 diabetes seem to follow this maxim. Interestingly, in this case, approximation to the truth seems to point towards a third disorder: obesity.
